The challenge of modeling the organization and function of biological membranes on a solid support has received considerable attention in recent years, primarily driven by potential applications in biosensor design. Affinity-based biosensors show great promise for extremely sensitive detection of BW agents and toxins. Receptor molecules have been successfully incorporated into phospholipid bilayers supported on sensing platforms. However, a collective body of data detailing a mechanistic understanding of membrane processes involved in receptorsubstrate interactions and the competition between localized perturbations and delocalized responses resulting in reorganization of transmembrane protein structure, has yet to be produced. This document is divided into three sections: 1. reported are the thermodynamics and diffusion properties of gramicidin using single molecule fluorescence imaging and 2. preliminary work on the 5HT 3 serotonin receptor. Thirdly, we describe the design and fabrication of a miniaturized platform using the concepts of these two technologies (spectroscopic and single channel electrochemical techniques) for single molecule analysis, with a longer term goal of using the physical and electronic changes caused by a specific molecular recognition event as a transduction pathway in affinity based biosensors for biotoxin detection.
This report describes a systematic procedure to develop detailed correlation between (recognition-induced) protein restructuring and function of a ligand gated ion channel by combining single molecule fluorescence spectroscopy and single channel current recordings.
This document is divided into three sections: 1. reported are the thermodynamics and diffusion properties of gramicidin using single molecule fluorescence imaging and 2. preliminary work on the 5HT 3 serotonin receptor. Thirdly, we describe the design and fabrication of a miniaturized platform using the concepts of these two technologies (spectroscopic and single channel electrochemical techniques) for single molecule analysis, with a longer term goal of using the physical and electronic changes caused by a specific molecular recognition event as a transduction pathway in affinity based biosensors for biotoxin detection. ii. Identifying 
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Plot of ( ) Our goal is to develop tools, which allow simultaneous optical and electrical measurements at the single molecule level. In the past couple of years the potential of combined optical and electrochemical measurements applied toward understanding the dynamics of single ion channels has been realized as illustrated by the recent surge of work on the Shaker potassium channel and gramicidin ion channel. This LDRD explored the development of unique experimental and computational capabilities for detailing structural and functional information of ligand gated channels; specifically the serotonin type-three receptor. As we built our suite of experimental tools, we used gramicidin as a model system since the helical structure of this peptide had been established and the mechanism of gating through dimerization is generally agreed upon. We began this project by optically detecting dimerization at the single molecule level and have now begun to apply these capabilities toward understanding the 5HT 3 receptor, a more complicated system. Molecular modeling tools were used to elucidate the mechanism of ion conductance at the atomic level and understand protein lipid interactions. This work will ultimately lead to a prototype device for sensing based on ion transport systems.
Natural ion channels enable active, directional, and preferential transport of ions across an otherwise impermeable cell membrane in response to a specific stimulus. A good example of this is the serotonin type-three receptor that preferentially transports monovalent cations upon binding of serotonin to specific sites on the extracellular domain of the pentameric protein. This binding event causes the movement of 10 6 ions/sec through the channel generating an ion conductance of about 100 pS compared to the leakage conductance of about 0.02 pS. With an amplification factor exceeding 10 6 and a signal to noise ratio exceeding 5000, gated ion channels integrated into a sensor would have the unprecedented ability to detect single binding events. In addition, spectroscopic measurements allow us to measure fast kinetic events and the dynamics of these transmembrane proteins (TMPs). Unfortunately it has proven extremely difficult to integrate TMPs into a miniaturized device, e.g. a chip-based electrochemical/optical cell, allowing measurement of ion currents and structural states originating from individual ion channels upon response to a target stimulus. We have begun initial design and testing of such a platform enabling real-time analysis and detection of target biological agents.
diffusion models of proteins in bilayer membranes, we observed dimers to diffuse more slowly through the bilayer than the monomers and have reported diffusion coefficients of 1.2x10 -8 cm 2 / sec and 3.5x10 -8 cm 2 / sec for the dimers and monomers respectively. By correlating the diffusion data with measured fluorescence intensities of the tracked particles, it was possible to determine the distribution of monomers and dimers within the bilayer at various temperatures.
The results allow complete characterization of the thermodynamic properties of dimer 
I. Introduction
The identification of specific structural states and the statistical distribution of different structural states of membrane bound proteins in near-native conditions can profoundly affect our understanding of the structural, kinetic, and thermodynamic principles that govern their function.
Gramicidin is a 15 amino acid peptide that forms a β-helix in a lipid bilayer [1] [2] [3] . Membrane channels can only form after two monomer subunits (G 1 ) come together to form a head-to-head dimer (G 2 ) at their N-termini, stabilized by six hydrogen bonds at their dimer junction . The gramicidin channel embedded in synthetic lipid bilayer membranes serves as a model system for understanding the basic characteristics of ion channel structure / function relationships, and has been the subject of extensive experimental and theoretical studies [3] [4] [5] [6] [7] [8] [10] [11] [12] [13] [14] [15] [16] . Recently, experiments that combine single molecule fluorescence detection to probe structure and single channel electrical recordings to probe function have suggested subtle structure / function relationships that cannot be observed in the bulk due to ensemble averaging, and suggest multiple conformations in the open and closed states within a lipid bilayer 17, 18 . These studies point to the importance of single molecule methods for developing a better understanding of structure / function relationships for membrane bound proteins in general and ion channels in particular.
A necessary condition for channel opening is dimer formation, and the simplest mechanism for closing a channel is by dimer disassociation. Therefore the functionally important process of channel formation is mainly controlled by the equilibrium constant:
where is the surface density of the dimer, is the surface density of the monomer and is the standard molar surface density (
2 ). The reported equilibrium constants range from 10 11 to >10 14 8,19 . This large range of values depends largely upon the thickness of the lipid bilayer, but the nature of the bilayer membrane, salt concentration of the surrounding solution, membrane voltage, and cholesterol concentration also play a smaller role on the equilibrium constant [6] [7] [8] 14, 15 . Much of the function of gramicidin ion channels also depends upon their diffusion through and across lipid bilayer membranes. These diffusion rates can vary greatly depending on the temperature (large changes at phase transitions), concentration of cholesterol in the lipid bilayer, and the size of the particle diffusing through the membrane 14, 17, 20 .
In this study we report the thermodynamics and diffusion properties of gramicidin using single molecule fluorescence imaging at several temperature points. The experimental goal is to unequivocally distinguish between individual monomers and dimers and so accurately measure their distributions at various temperatures. After determining the monomer / dimer distribution, it is straightforward to find the temperature dependence of the equilibrium constant ( ), the standard Gibbs free energy of reaction ( ), the standard enthalpy of reaction ( ), the standard entropy of reaction ( ), and diffusion constants of dimers and monomers.
. The reconstituted vesicles were then cycled through five consecutive freeze-thaw cycles (-198 .
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Assuming 100% incorporation of gramicidin into the membrane 25 and using the facts that each lipid molecule occupies a 0.6 nm 2 area at the surface of the membrane 26, 27 and that the lipid bilayer is 3 nm thick (bilayer thickness was measured by ellipsometry; Gaertner L116SF / Gaertner Scientific Corp.), the total concentration of gramicidin subunits, [G 0 ], in the membrane is calculated to be 1.17 μM, with a total surface density of 3.50x10 -16 mol / cm 2 in the present study. The hydrophobic region of the lipid bilayer used in this study was previously measured using electrical impedance spectrometry and found to be 2.8 nm 28, 29 . Single molecule images collected with an ICCD camera operating at a 100 ms frame rate.
The sample was inverted relative to the flint glass cover slip and sealed around a chamber with thermally conducting walls to prevent evaporation and maintain thermal equilibrium with the isothermal enclosure that surrounded the sample. The temperature within the isothermal enclosure was set and maintained with a combination of a thermostat and a ceramic heating time for the entire trajectory of tracked single particles. The lateral diffusion coefficients of each particle were then determined from the slope of these lines.
The average intensity for each tracked particle was derived from the gaussian fluorescence peak of the individual particles in each frame. The reported intensity is the average over such peak intensities in all frames for the individual particles.
III. Results and Discussion
(A) Thermodynamic Analysis from Single Molecule Data. The thermodynamic properties were determined from the measured distribution of monomers vs. dimers within the lipid membrane. The equilibrium constant for dimer formation, expressed in terms of molar
where G is the total concentration of gramicidin subunits, then:
and
Therefore equilibrium constants can be determined from single molecule fluorescence data by identifying and counting single particles. 
and the entropy of reaction can be found from equation (11): Furthermore, two-step photobleaching and photoblinking has been observed for a small number of particles that fall into region I of figure 3, providing additional evidence that the bright, slow diffusing particles are dimers. No two-step photobleaching or photoblinking was observed for particles that fall into region IV of figure 3. As shown in figure 4, bright particles are almost twice as intense as dim particles, again consistent with their identity as dimers. It should be noted that since a dimer is nearly 30 Å in length and the hydrocarbon linker attached to the fluorescent tag is an additional 14 Å, then the fluorescent tags are separated by up to 58 Å, much longer than the Förster radius for rhodiame-6G pairs (Förster radius ≈ 20 Å). Self-quenching of opposing dyes should thus be minimal. It is known, through Stokes-Einstein's law of diffusion, that particles with larger sizes will move more slowly through a viscous medium than particles with smaller sizes because of their increased drag. A lipid bilayer is not an isotropic medium but is rather anisotropic and gramicidin dimers are more like cylinders rather than like spheres.
Therefore one would not expect the diffusivity to have an exactly inverse relationship to the size of the particle, but the inverse trend will hold approximately 20,30-33. . . While measuring either the relative fluorescence intensities or the diffusivity are by themselves good methods for identifying the particles, it becomes a much more convincing argument if the two can be correlated. Such a correlation is displayed in figure 3 and the bimodal distribution of the fluorescence intensity with particle diffusivity allows one to unequivocally categorize the particles as either monomers or dimers. Hence, the particles that fall into region I are dimers and those in region IV are monomers (figure 3). From this distribution the equilibrium constants can be determined as described in the preceding section. The measured equilibrium constants are collected in table 1. . In that earlier study, the authors concluded that, because the membrane was considerably thicker than a gramicidin dimer, the energy liberated by the formation of six hydrogen bonds (an exothermic process) was more than compensated by the energy required to distort the lipid matrix (an endothermic process). Thus making the overall process endothermic. In the present study, the lipid thickness (30 Å) and the 
where k is Boltzmann's constant, t is the thickness of the membrane, Fluorescence spectroscopy will be used to excite fluorescent molecules that have been carefully labeled on the subunits of the serotonin receptor (similar experiments as described earlier in the gramicidin study). Alternatively, a micro patch clamp array with a built-in optical access can be used (Figure 1 ). The design of this chip based analytical tool is described in the following section. Ni-NTA-R6G for fluorescence labeling of 5HT 3 Receptor surface via His 6 tag:
1) NTA-lysine was dissolved in 0.1M NiCl 2 (pH adjusted to 8 with NaOH).
2) Evaporation of water leaves Ni 2+ -NTA-lysine crystals.
3) R6G-SE (Molecular Probes) was added to 5 equivalents of Ni
2+
-NTA-lysine in 50mM
NaHCO ation was performed using preparatory TLC (silica gel 60) eluting with 1 ng group via hydrazinolysis.
3 , pH 9 with 50% acetonitrile and incubated in the dark at room temperature overnight.
4) Purific
CHCl 3 /CH 3 OH/H 2 O=65/24/4 (R f =0.27). 5) Extraction with acetonitrile/H 2 O=1/1.
Fluorescence labeling of 5HT 3 Receptor agonists:
An identical procedure is being carried out for 5HT and 2-Me-5HT. The goal is to attach fluorophores with and without covalent spacers to the indole nitrogen, as it is believed that the primary amine and alcohol groups are responsible for ligand binding to the 5HT 3 receptor. sequence, which would subsequently be used along oligomer containing the 6x His-tag. These restriction endonucleases were selected based on the production of 5' overhangs that can be used for directional insertion of DNA oligomers.
MluI ( Un-mutated, template DNA was removed by restriction digest with DpnI. The mutated DNA was then used to transform XL10-Gold ® ultracompetent cells (Stratagene, La Jolla, CA).
Restriction digest and agarose gel electrophoresis were used to confirm the deletion of this site (Figure 3) . The second SDM was performed as described above, and used to introduce a unique BamHI site in the 5HT 3 sequence at 2457 bp. The primers used for this mutation were 5'-CCCTGGTCACTCTCGGATCCATTTGGCATTATTCTTGA-3' (Forward), and 5'-TCAAGAATAATGCCAAATGGATCCGAGAGTGACCAGGG-3' (Reverse). This mutation also resulted in an amino change from Trp481 to Gly481. Clones were screened by restriction digest and agarose gel electrophoresis to confirm the presence of the new BamHI site (Figure 4 ). The double mutated plasmid was then digested with BamH I, and separated by gel electrophoresis ( Figure 5 ). The ~7,000 bp was excised from the agarose gel using a razor blade, and purified using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). 
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Bam HI (2457) NotI (2500) Eco RI (2527) HindIII (2568) 5HT3 His-tagged construct. Cells were selected for 8 days before they were deemed stable. 
III. Future work
Assuming stable expression is achieved, protein purification can begin. The cells will be lysed and the membrane fraction separated and solubilized in nonethylene-glycol monododecyl ether (C 12 E 9 ). This fraction will then be incubated with the Ni-NTA agarose and washed to remove undesired components. The receptor will then be eluted using imidazole, which has an extremely high binding affinity for the NTA. Purified receptor will be reconstituted into a lipid bilayer of known composition and used for spectroscopic and electrochemical study. 
II. Experimental
In order to suspend a lipid bilayer in a stable environment that can be both optically and electrically interrogated, two devices have been designed and fabricated using silicon. Both The first device, Figure 1 , was fabricated using a well-characterized Bosch process, ratios. For this process phosphate doped, 300 μm thick, 1-0-0 silicon wafers were used.
Photoresist was spun onto the topside of the wafer at a thickness of 15 μm and exposed to a pattern. The wafer was then etched through using the Bosch process creating, depending upon the die, two 25, 50, 100, or 200 micron diameter wide cylinders (this allows a uniform lipid bilayer to suspend between the topside and the backside of the wafer). Next, 4330 photoresist etched 150 nm deep to create the microfluidic channel connecting the two vias. Although we were able to form tight membrane seals (~15 gigohm resistance), there were several problems with this prototype chip. First, the lipid bilayer was assembling in the middle of the 300 micron thick wafer, 150 microns from the top of the coverslip. Some of our spectroscopic measurements (evanescent excitation) require the bilayer to be within 500 nm of the forward surface of the coverslip. We were also unable to create perfectly uniform cylinders (visible in Figure 1 ), which led to unstable bilayers. Finally we observed that smaller diameters yielded more stable bilayer formation consequently new fabrication techniques were required for nm pore diameters. The topside electrodes were fabricated using AZ 4330 PR as well. Once patterned and developed, electrodes consisting of 20 nm of chromium and 100 nm of silver were defined on the top of the wafer using thermal evaporation. The SiN on the topside of the wafer, inside the silver electrode, was removed in a reactive ion etch, using the same process described above, to create the through holes in the bottom side SiN. This exposes the underlying silicon. The wafer is then • 
